A radar imaging model including a Doppler shift module is presented for quantitative studies of radar observations of wave-current interaction in a strong tidal current regime. The model partitions the Doppler shift into the relative contribution arising from the motion of the backscattering facets including Bragg waves, specular points, and breaking waves that are advected by and interact with the underlying surface current. Simulated and observed normalized radar cross sections and Doppler shifts for different environmental conditions and radar parameters are compared and discussed.
Introduction
Airborne and spaceborne radar measurements at slanting incidence angles offer a method to map the ocean surface roughness linked to surface wind, waves and current, as well as to the presence of surface contaminants. Current shears affect the surface roughness leading to radar intensity-detectable patterns. For quantitative analysis of SAR measurements over the ocean, Kudryavtsev et al. 
The DopRIM Approach

58
The Doppler shift of the radar backscatter from a moving target is given by
where k R is the radar wavenumber, and v is the line-of-sight velocity of the target (defined 
Here, u and w are the horizontal and vertical velocities of the scattering facets in the radar 67 incidence plane, and ∆θ is the local modification of the incidence angle θ due to waves. The 73
where c f is the mean velocity of the scattering facets relative to the surface current, u s is the 
where ∆θ = −(ζ 1 cos φ R + ζ 2 sin φ R ), φ R is the radar look direction, and ζ 1 = ∂ζ/∂x 1 and 81 ζ 2 = ∂ζ/∂x 2 are components of the sea surface slope in an arbitrary coordinate system 82 (x 1 , x 2 ). Note that we have ignored the effects of surface tilt out of the incidence plane in
83
(3) which is of order O(ǫ 2 ), i.e. much less than the remaining terms which are of order O(ǫ).
84
Invoking ζ = Ae iΦ as the vertical displacement of the surface by harmonic modulating waves
85
(Φ = K j x j − Ωt, K j , Ω and A are phase function, wavenumber, frequency and amplitude 86 correspondingly), the amplitude of the wave quantities in (2) and (3) can be written as: 
where 
where M waves that travel along the radar look direction, (4) and (5) combine to
which also corresponds to equation (B16) suggested by Chapron et al. (2005) .
110
NRCS of the sea surface, σ p 0 , must also incorporate facets corresponding to wave breaking 112 zones, such as the proposed decomposition:
where σ p 0r corresponds to the facets formed by the "regular" surface (at p = Vertical transmit- 
Some background properties of RIM
123
Each of the scattering mechanisms in (7) depends on the radar parameters and the 
131
The polarization ratio is an important parameter indicating the role of non-Bragg scat- 
Doppler shift estimate
143
The simplified RIM NRCS as given by (7), will contribute to Doppler shifts associated 
where c j and c 
2-scale Bragg
159
The velocity of facets corresponding to the Bragg waves is equal to the phase velocity 
162
The tilt MTF for Bragg scattering in (5) corresponds to
In the present study, the wave spectrum modulations (prescribing the hydrodynamic MTFs
164
for all types of facets in (5)) will be described in a simplified form, making use of the case, the hydrodynamic MTF reads
where the "gradient" of the wave action spectrum N in (10) is
where k 1 is the wavenumber component of the modulated waves, k, along the direction of the direction of the modulating waves is assumed to be small relative to the integral of the first term. Thus, hereinafter, the second term on the right-hand-side (rhs) of (11) is ignored.
186
For the Bragg-facets, the hydrodynamic MTF (10) is now reduced to
where φ R is the radar look direction, and τ 2 br is the relaxation parameter taken at the Bragg 188 wavenumber. Thus, the effect of tilt and hydrodynamic modulations of Bragg waves on 189 the range Doppler velocity, V D , is described by a combination of (5), (9), and (12), with
Specular Reflection
192
At low incidence angle (15 look direction (i and n axes along the incidence plane and normal to the incidence plane, 198 respectively), the mean velocity of the mirror points in the radar look direction reads
where ζ i = dζ/di and ζ n = dζ/dn are the sea surface slopes along and normal to the cross-wind surface slopes (i.e. ζ 1 and ζ 2 , respectively). Given that
ζ n = ζ 2 cos φ R − ζ 1 sin φ R , and that ζ 1 ζ 2 = 0 (the latter for wind waves only), (13) is reduced
where up-and cross-wind MSS of the "large-scale" waves (s 2
Contrary to the 2-scale Bragg scattering model, the specular reflections model does not waves (reminding that k p is the spectral peak wavenumber of the wind-generated waves).
223
With the use of the well-known expression for σ sp (see e.g. equation (10) 
where φ sw is the swell direction, M h is given by (10) with (11) where (we remind) the second 227 term on the rhs is omitted.
228
dynamic modulation of specular points can be expressed as
where C sw and φ sw are the phase velocity and direction of the swell. The "long-wave" The distribution of breakers over the wave scales can be described in terms of Λ(c)dc, 
where k wb = k R /10 is the wavenumber of the shortest breaking waves providing radar returns
240
(Kudryavtsev et al., 2003a).
241
Longer waves also tilt the breakers and modulate their surface density. It is thus assumed 242 that the wave breaking at wavenumber k is tilted and modulated by longer waves with 243 K < dk (where d = 1/4 as specified before). Following Phillips (1985), Kudryavtsev et al.
244
(2003a) suggested that Λ(c) is proportional to the saturation spectrum to the power (n g +1),
245
with n g = 5 in RIM. Therefore, the MTF for the breaking front surface density modulations 246 caused by longer waves with wavenumber K, reads
with M h defined by (10) with 11) where (we remind) the second term on the rhs is omitted.
248
In the second equality of (20), we have assumed that the velocity of the breaking crest of which modulate the breaking facets, may therefore be introduced. This provides 70% of the
259
"available" hydrodynamic modulations of the breaking facets.
260
In order to further simplify the problem we mention that, in the range of short breaking 261 waves, the angular distribution of the wave spectrum is cos 2/ng , which is significantly broader 
where φ is the direction of the modulating waves with wavenumber K < k wb /10, and τ wb is 
Importance of incidence angle and wind speed 281
The model calculations presented in the following are performed for pure developed wind 
where C dG is the geostrophic drag coefficient depending on the atmospheric stratification Finally, the simulated NRCS (Fig. 5(b) ) reveals a structure resulting from the combined 386 impact of Bragg waves, MSS, and wave breaking. Notice that for an incidence angle of about 387 37
• in this specific case, the unperturbed background radar scattering is mainly provided by
388
Bragg scattering mechanism, while radar returns from breaking waves provide about 6% of 389 the total NRCS at the given wind speed (see Fig. 1 ). In particular, there is evidence of a 390 strong suppression between the islands and the enhancement downwind of the main island.
391
Compared to the ASAR image ( Fig. 5(a) ), the mean level of the NRCS is similar (−19 dB),
392
and the largest contrasts are depicted in the vicinity of the two outer islands in both images.
393
The range projected (horizontal) model current and the contribution of the surface rough- 
